Questioning liquid droplet stability on nanowire tips: from theory to experiment by Ghisalberti, Lea et al.
Nanotechnology
PAPER
Questioning liquid droplet stability on nanowire tips: from theory to
experiment
To cite this article: Lea Ghisalberti et al 2019 Nanotechnology 30 285604
 
View the article online for updates and enhancements.
This content was downloaded from IP address 128.178.120.45 on 25/04/2019 at 13:40
Questioning liquid droplet stability on
nanowire tips: from theory to experiment
Lea Ghisalberti1, Heidi Potts1, Martin Friedl1, Mahdi Zamani1,
Lucas Güniat1, Gözde Tütüncüoglu1, W Craig Carter1,2 and
Anna Fontcuberta i Morral1,3
1 Laboratoire des Matériaux Semiconducteurs, Institut des Matériaux, Ecole Polytechnique Fédérale de
Lausanne, 1015 Lausanne, Switzerland
2Department of Materials Science and Engineering, MIT, Cambridge, MA, United States of America
E-mail: anna.fontcuberta-morral@epﬂ.ch
Received 20 January 2019, revised 25 March 2019
Accepted for publication 26 March 2019
Published 25 April 2019
Abstract
Liquid droplets sitting on nanowire (NW) tips constitute the starting point of the vapor–liquid–
solid method of NW growth. Shape and volume of the droplet have been linked to a variety of
growth phenomena ranging from the modiﬁcation of growth direction, NW orientation, crystal
phase, and even polarity. In this work we focus on numerical and theoretical analysis of the
stability of liquid droplets on NW tips, explaining the peculiarity of this condition with respect to
the wetting of planar surfaces. We highlight the role of droplet pinning at the tip in engineering
the contact angle. Experimental results on the characteristics of In droplets of variable volume
sitting on the tips or side facets of InAs NWs are also provided. This work contributes to the
fundamental understanding of the nature of droplets contact angle at the tip of NWs and to the
improvement of the engineering of such nanostructures.
Supplementary material for this article is available online
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Introduction
Nanowires (NWs) are ﬁlamentary crystals with a tailored
diameter in the few nanometer range. Semiconductor NWs
and in particular III–V NWs, are promising building blocks
for next-generation computing, sensing and energy harvesting
devices [1–7]. NWs can be obtained in arrays of uniform
structures [8–11] as well as by self-assembly on a substrate
[12–16]. In this case, the characteristics of the structure may
exhibit a higher degree of variation in terms of structure,
growth direction and even crystal polarity. Flexibility of NW
characteristics in the self-assembled approach may originate
from the dispersion in NWs distance, diameter and nucleation
points [17–19].
The most common method used for the growth of NWs is
the vapor–liquid–solid method, VLS, in which a liquid metal
is used to preferentially decompose and gather growth pre-
cursors. Upon supersaturation of the precursors in the liquid
phase, a solid NW is formed [20, 21]. Recently, it has been
shown that the characteristics of the liquid droplet are
essential for many aspect of the growth of the NWs. In
particular, it has been shown that the droplet contact angle
with the solid NW determines the crystal phase, growth
direction, orientation and polarity of the NW itself [8, 22–26].
To that end, we believe that the direct translation of capillarity
laws from the planar to the non-planar nanoscale case has not
been discussed with enough depth. Important works have
been published regarding the possible role of edges [27–29]
and the effect of the droplet volume on the contact angle
[25, 30]. However, given the prominent role of the contact
angle in NW growth, this point deserves clariﬁcation. In this
paper, we deﬁne basic capillarity laws determining the sta-
bility of nanoscale droplets on the tip of NWs. We start by
providing a theoretical basis from a historical point of view.
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We then follow-up with numerical simulations that explain
the stability conditions of the droplet, based on surface energy
minimization. Finally, we provide experimental results on the
In (droplet)/InAs (NW) system, consistent with the theor-
etical considerations. Our work provides new insights into the
wetting properties of VLS droplets and improves our under-
standing of this NW growth mechanism.
Theoretical considerations
The Young–Dupréʼs equation describes the wetting of a
sessile droplet on a ﬂat substrate. It deﬁnes the contact angle
θY as a balance between adhesion to the surface and the
cohesive forces of the droplet constituents. Figure 1(a) shows
the typical setting of the equation. γS, γL and γSL correspond
respectively to the solid–vapor, liquid–vapor and liquid–solid
interfacial energies. In the Young–Dupré equation, only the
capillary forces in the plane of the solid sum to zero
g g g q= + ( )cos . 1S SL L Y
Equation (1) assumes that the atoms in and on the surface of
the solid are immobile. The vertical capillary forces are
balanced by elastic stresses resolved onto the solid surface, as
their sum should be zero everywhere across the contact sur-
face in order to ensure the equilibrium. This equilibrium may
change as soon as the surface available to the liquid becomes
ﬁnite, close to the size of the liquid–solid interface, as is the
case at the tip of a NW. A schematic drawing of four possible
volume-dependent-scenarios of a liquid droplet wetting a NW
tip is shown in ﬁgure 1(b). The droplet should change its
shape depending on its own volume. Starting at small
volumes, the droplet partially wets the tip in a similar manner
as on an inﬁnite planar surface (as in ﬁgure 1(a)). With the
increase of volume, the droplet extends over the NW tip until
it gets pinned at the edge. The line deﬁning the interface
between the vapor, liquid and solid interface is usually
denoted as the triple-phase-line (TPL). The contact angle, θY1,
deﬁned as the angle between the NW tip surface and the
tangent of the droplet at the TPL is equivalent in these two
cases. Further volume increase of the droplet results in an
apparent increase in the contact angle and possible wetting on
the NW side facets, both in contradiction with the Young–
Dupré equation. To date, most of the theoretical analyses of
NW growth have considered the literal interpretation of the
Young–Dupré equation. In these works, the surface tensions
were interpreted by substituting the pinned angle by the
Young angle [8, 26, 31–33]. However, the droplet pins as
soon as the TPL reaches the edge, thus no conclusions on the
solid–liquid interfacial energy can be derived from the contact
angle and the values of the other surface energies [34]. In
some cases, the equilibrium angle predicted by the Young
equation may be satisﬁed at certain points of the TPL [29].
However, such considerations do not imply that a droplet is in
equilibrium. The equilibrium condition is related to the bal-
ance of the entire TPL, where all its points satisfy the Young
equation. In addition, one should also consider that the dro-
plet surface should exhibit a constant mean curvature to
ensure such an equilibrium condition [35]. In practice, there
may be more than one solution, some of them representing
droplets in a metastable equilibrium. To summarize, the
Young–Dupré equation corresponds to a heuristic capillary
force balance construction that lacks generality for anything
on ﬁnite, non-ﬂat surfaces. In general, the solution should
correspond to the shape minimizing the total surface energy.
Numerical simulations of sessile droplets on a
NW tip
In this section, we provide numerical calculations of the
stability of sessile droplets on NW tips as a function of their
volume. We also illustrate how the solid–liquid interface
evolves as soon as the droplet becomes unstable. The goal of
these calculations is to capture the physics behind the wetting
of droplets on NW tips. For this, we have simpliﬁed the shape
of the NW as cylindrical instead of the most commonly
observed hexagonal cross-section. Indeed we observed that
for droplet wetting the NW’s top, the general tendency is to
maintain a spherical-cap shape. For the range of NW dia-
meters considered here, the corners of the hexagonal cross-
section do not inﬂuence the overall wetting and thus their
Figure 1. (a) Sketch of a sessile droplet wetting an ideal inﬁnite solid and whose shape is characterized by the equilibrium angle, θY,
minimizing the surface energy of the system. (b) Sketch representing the pinning effect characterizing the wetting of variable volume droplets
on top of a truncated cone. When the droplet triple phase line (TPL) is in touch with the edge, there is a continuous range of contact angles
available from θY1 and θY2+ qincl, with qincl representing the inclination of the sidewalls and θY2 the sidewalls equilibrium angle.
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inﬂuence can be neglected. Regarding the wetting on the side
facets, the droplet is not pinned nor inﬂuenced by the pre-
sence of the edges. It is therefore reasonable to simplify the
shape by a cylinder. The chosen material system is liquid
indium on InAs so that we can compare the theoretical/
numerical results with our experiments.
To analyze the wetting behavior and stability of sessile
droplets on top of a cylinder, we have used the modeling
program Surface Evolver [36]. We have computed the surface
energies of a sessile droplet as a function of its volume. We
have analyzed three different conﬁgurations of the droplet: on
the NW tip, half-way between the top and the side, and on the
side of the NW. The half-way conﬁguration is unstable for a
cylindrical NW under the assumption of a perfectly ﬂat tip. The
results can be found in the supporting information (SI) is
available online at stacks.iop.org/NANO/30/285604/mmedia.
As input data of the material system, the computations use
the experimental equilibrium contact angle of In on InAs, as
measured on ﬂat InAs by scanning electron micrographs
(SEM). Surface Evolver uses this contact angle, a speciﬁed
volume and contact constraints to iteratively modify the surface
towards the shape of minimum surface energy.
Figure 2(a) illustrates the volume dependency of the
surface energy associated with the equilibrium condition of
the sessile droplet. According to Laplace’s law, the surface
energy is proportional to the mean curvature of the shape of
the droplet and to its volume. The energy values reported
have been normalized by the volume of the droplet, Vdrop, the
difference between the solid–liquid tension and the solid
surface tension g -sl l and the radius of the cylinder, RC. The
red and blue points represent the conﬁguration in which the
droplet is respectively on the NW tip or side facet. Starting for
the conﬁguration on the NW tip, we see that the surface
energy does not vary for increasing volume until pinning. As
soon as the droplet is pinned at the edge of the NW tip, the
surface energy starts to increase. The surface energy evolution
of the droplet on the NW side facet is more gradually
increasing. This is due to the particular variation of the shape
of the droplet on the cylindrical side facets. Our calculations
show that at a certain volume (between points e and f in
ﬁgure 2(a)) the droplet on the NW tip becomes less stable
than on the side facet. This corresponds to the turning point of
its stability and indicates the maximum value of the apparent
contact angle. Overall, pinning of the droplet at the edge of
the NW tip allows for the engineering of the contact angle
from approximately 43°–100°. This is a remarkably large
range of variation.
So far, we have explained the interplay between the
droplet volume, the contact angle and the stability of the
droplet on the NW tip. Still, some open questions arise with
respect to the nature of the TPL and the pinning line. We also
have considered that the droplet pins on an atomically sharp
corner at the NW edge. Still, chances are that this corner is not
atomically sharp and that it exhibits a certain curvature as it is
for the edges of the NW cross-section [37, 38].
Figure 3 illustrates the relationship between the advan-
cing triple line, the apparent contact angle, the equilibrium
angle, and the orientation of neighboring surfaces. One of the
points we want to make is that the macroscopically observed
contact angle θ′ may differ from the Young contact angle θy
on a planar substrate. Eventually, the contact angle may
continue to be the Young contact angle θy locally, if the solid
at the TPL deforms gradually and/or if the corner is not
atomically sharp. In the left part of ﬁgures 3(a) and (b) we
depict the variation in the observed contact angle for a droplet
moving from the top to the side surface. We differentiate the
cases in which the corner between the two surfaces is atom-
ically sharp or round. The latter could also correspond to the
case in which the solid at the TPL is deformable. We deﬁne
the apparent angle θ′ as the one measured with respect to the
horizontal plane. θ′ varies in a step-wise manner or con-
tinuously depending on whether the solid at the TPL is
atomically sharp or smooth. In the case of smooth corners, θ′
depends on the continuous change of inclination as the TPL
traverses the rounded corner. From a macroscopic point of
view, the abrupt increase of the droplet volume translates into
Figure 2. (a) Results of the computation of the droplet normalized surface energy (with respect to the radius of the cylinder RC and the
difference between the solid–liquid and the solid surface tension g -( )sl s ) as a function of the volume (Vdrop) for conﬁgurations on the top (red
line) and on the side (blue line) of a cylindrical NW. The simulations were performed through the ﬁnite-element method based software
Surface Evolver [36] with a contact angle of 43° on both the side and the top facets. (b)–(g) Illustrations of the equilibrium pinned droplet
shape at different values of volume. The different volume values are indicated in the plot of normalized energy versus volume. The increasing
volume produces an increase of the contact angle θ due to the pinning effect, as reported for each condition.
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the appearance of two preferential apparent angles (bistability
condition). The ﬁrst one corresponds to the equilibrium
Young’s angle θy, while the second one is the critical angle
θcrit=θy+ α, with α being the inclination of the neighboring
facet, assuming Young’s angle equal to θy also on the inclined
surface. From a microscopic point of view, the departure of
the triple line from the sharp corner needs a ﬁnite increase in
the droplet volume and the deformation of the solid around
the corner, which results in a continuous modiﬁcation of the
apparent angle until the value of the critical angle is reached.
This deﬁnes the range of available pinned (apparent) angles as
θy < θpin < (θy+ α) and consequently the related range of
pinned volume.
We come back now to the detailed discussion of the
Young–Dupré equation, to further discuss the force equili-
brium at the TPL and its role in determining the droplet sta-
bility. In particular, we consider 2 main cases, depicted in
ﬁgure 4:
Case 1 (C1): The triple line is constrained to a micro-
scopically smooth planar solid-interface as shown in inset a of
ﬁgure 4 (i.e. atoms in solid are immobile). The position of the
triple line changes with droplet volume. The equilibrium at
the triple junction requires that contact angles obey the
Young–Dupré equation (1).
The previous equations are often derived also as a bal-
ance of forces at the TPL and thus as a vectorial equilibrium
[39]. The Young–Dupré equation is a necessary boundary
condition to a minimal surface problem. That is, it holds for
any minimizing surface which has contact lines on smooth
surfaces regardless if the surface is a global or local mini-
mum. Furthermore, the condition can be satisﬁed with the
motion of only tens of atoms whereas surface minimization
requires long-range transport: it is impossible to stabilize a
non-equilibrium contact angle on a smooth surface [35]. In
the Young–Dupré equation, only the capillary forces in the
plane of the solid sum to zero. The vertical capillary forces are
Figure 3. Representative sketch illustrating the behavior of the apparent angle of sessile droplets. The effect of neighboring facets is
illustrated for both an atomically sharp (a) and a smooth corner (b). In the ﬁrst case, the bistability condition of the apparent angle is due to
the advancing of the TPL. The rapid change of apparent angle with triple line position in the microscopic illustration results in a seemingly
discontinuous change in the macroscopic view.
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depicted in the sketch (a) in ﬁgure 4 in the case the atoms on
the surface of the solid are immobile. Because the forces must
always sum to zero everywhere across the contact surface, the
capillary forces are balanced by elastic stresses resolved onto
the solid surface. If the solid were elastically compliant (i.e. a
thin substrate), it would bend (and thereby reduce the total
elastic energy). As an extension of this case, the solid–liquid
and/or the vapor–solid interface may deform by diffusion in
the solid, such as that observed by Tomsia et al [40]. In this
condition, the equation (1) is adjusted to account for the
deformation of the solid.
Case 2 (C2): The TPL intersects a solid edge and the
atoms of the solid are immobile, as depicted in ﬁgure 4(b). In
this case, the direction of the resolved singular elastic force in
the vicinity of the TPL is no longer constrained to be vertical
and the stress ﬁeld can rotate at the edge. The TPL transla-
tional degree of freedom is removed and replaced by a vari-
able apparent angle (i.e. the apparent angle increases as the
droplet volume increases). The corner will continue to pin the
triple line until the condition for capillary force-balance is
satisﬁed on the adjacent solid surface—equivalently, the
equilibrium Young angle is satisﬁed on the adjacent surface.
As discussed above, the range of stable angles can be treated
as the limiting case as the solid interface’s radius of curvature
goes to zero.
As an extension to case C2, we can consider also the case
of rough surfaces. Microscopic corners and edges pin the
contact line and the apparent angle can vary until the TPL
unpins. Roughness adds further complexities as pinning can
also occur at corners where three or more edges intersect and
the direction of the edges needs not be parallel to the (mac-
roscopic) TPL. Nevertheless, the elastic/capillary force bal-
ance always applies when geometric features are resolved at
the microscopic scale. The difference between microscopic
and apparent (macroscopic) geometric features gives rise to
Cassie phenomena [41].
In summary, so far we have elucidated the volume
dependency of the equilibrium condition of sessile droplets
wetting the tip and the sidewalls of cylindrical NWs. We have
then explained how the pinning of the droplets at the NW
edge can account for a large variation of the observed contact
angle from the equilibrium condition at a ﬂat surface. Finally,
we have proposed that the ﬁnite-size nature of the edges may
also explain part of the variability in available contact angles.
Figure 4. Sketch representing the 2 cases in which the Young equation does not ensure the balance of forces. (a) This happens already to the
vertical component of the forces applied on the droplet, which is balanced by the elastic stresses of the solid. (b) When the triple junction is at
the corner, the imbalance of the forces happens both in the vertical and in the horizontal plane, allowing the stress ﬁeld of the solid to rotate at
the corner.
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Experimental results: indium droplets on InAs NWs
We turn now to the experimental investigation of liquid
droplets on NW tips. We consider the system formed by an In
droplet on an InAs NW. The InAs NWs were obtained in a
catalyst-free manner by self-assembly on a GaAs(111) B
substrates as in [24].
These NWs typically exhibit a ﬂat tip. By annealing the
NWs in vacuum after growth at 530 °C it is possible to
incongruently evaporate the arsenic from the NW tip, forming
a pure In droplet. The experiments show that, with increasing
the annealing time, the droplets increase their volume and
move from the NW tip to the side facets, wetting simulta-
neously two {110} facets. In a related publication, we have
shown that these droplets can be further used to nucleate the
growth of InAs in a second step in the form of branches
perpendicular to the direction of the primary NW [24, 42].
Here, we analyze the evolution of the shape and stability
of the droplets as a function of their volume, gauged by the
annealing time. Spherical cap droplet shapes have been
treated previously [26, 32]. To the best of our knowledge, the
transition of the droplets to lower energy shapes and/or the
evolution of TPL pinning and depinning have not been ana-
lyzed for pure Indium wetting InAs NWs.
Figures 5(a)–(e) shows the SEM of the InAs NW tips for
ﬁve different annealing times: 3, 5, 7, 10 and 15 min. Here we
consider the evolution of the droplets ex situ. Even if previous
studies show that this is a reasonable assumption [43], we still
remind the reader that contact angle values may be affected
from the modiﬁcation of the environment. We observe three
different conﬁgurations of the droplets: at the tip, transition-
ing to the side facet and on the side facets. For the three
observed conﬁgurations, we have measured the apparent
contact angle, deﬁned by the angle between the apparent L–S
interface and the droplet tangent at the TPL. A histogram
depicting the distribution of contact angles obtained for the
different annealing times is shown in ﬁgure 5(f). The reported
values have been determined using the Carl Zeiss Micro-
scopy, LLC—AxioVision Software. The measurements are
affected by both picture resolution uncertainty and human
mistake. A statistics of the uncertainty performed on different
SEM pictures show that the statistical variation of the mea-
surement ranges from ±3° to ±8°, depending on the resolu-
tion of the picture. After 3 min of annealing, some InAs NWs
have small In droplets on their top surface. The measured
apparent angle is 43° on average. This is consistent with the
known equilibrium contact angle of indium droplet on (111)B
InAs (i.e. determined by the Young–Dupré equation). As
annealing proceeds and the droplet volume increases, the
liquid spreads to the edges of the NW tip. As soon as the
droplet pins at the edge, the angle increases. At 5 and 7 min,
the average apparent angle is respectively 100° and 115°. We
note that the angle distribution has become signiﬁcantly
broader, from few degrees to few tens of degrees. After 7 min
annealing, the liquid droplets begin to relocate from the NW
tip to the sides. We ﬁnd an intermediate conﬁguration in
which the droplet is in the transition from the tip to the side
facet, which we denominated as half-way conﬁguration.
Clearly, in this case, the liquid–solid interface has been tilted.
The fraction of droplets on the side facets increases with time
and reaches a yield of 100% after 15 min. The distribution of
the contact angle on the NW side facets is also quite broad.
Half-way droplets have an even wider range of apparent
angles. We believe this range results from uncertainty in the
surface inclination, but also from the variation in the pinning
at the sharp edge as it will be further elucidated here below. In
ﬁgure 5(f), the graphic insets represent the three observed
droplet conﬁgurations. The contact geometry is illustrated
assuming that the NW is cylindrical, although it is known that
(111)B InAs NW cross-sections are hexagonal [14, 44].
We turn now to the analysis of the droplets in the half-
way conﬁguration. In particular, we look at the shape of the
liquid–solid interface. The indium droplet was removed by
immersing the NWs for 10 min in isopropyl alcohol (IPA).
Figure 6 shows representative SEM images of the tip of these
NWs after removal of the droplet. This sample corresponds to
the NWs annealed for 7 min. Numerous NWs terminated with
truncated facets were observed. These truncated facets have 2
main inclinations with respect to the top surface; 67° and 52°.
These facet inclinations would coincide respectively with the
orientation of (111) and (311) surfaces. The formation of
these slanted facets has been previously predicted for both
self-catalyzed and gold-assisted III–V NWs growth techni-
ques [3, 25, 32]. Their presence was also predicted by
molecular dynamics simulations on the equilibrium of liquid–
solid interfaces for VLS growth of NWs [45].
The presence of two preferential inclinations translate
also in the observation of two preferential apparent angles. As
shown in ﬁgure 5(f) the most probable apparent angles are
100° for smaller (5 min annealing) and 115° for larger dro-
plets (7 min annealing). Smaller droplets tend to be located on
the lowest inclination (52°) surface; while for larger droplets,
the TPL line intersects the surfaces with inclination 67°, on
their way to wet the vertical NW side facets. We thus propose
that in the transition of the droplet from the NW tip to the side
facets, the NW edge disappears to form new slanted facets
with rising inclination when the volume increases. This
observation conﬁrms the non-static nature of the NW edges
and the interaction/exchange of the material with the droplet.
These results highlight that measuring the apparent contact
angle and analyzing it with the Young–Dupré equation can
lead to a misinterpretation. This is particularly evident in
cases where the TPL contacts a surface with rapidly varying
inclination. As opposed to the Young contact angle, the
apparent angle of droplets on NW tips is measured with
respect to the ideally perfectly horizontal top facet of the
NWs. It is clear that the apparent angle is not necessarily
related to the surface energy of the top facet of the NWs. As a
consequence, relating the apparent angle to the Young–Dupré
equation should necessarily lead to the misinterpretation of
the energetics of the system (i.e. incorrectly assuming that
neighboring facets have the same energy or that the apparent
angle is not measured with respect to the correct surface).
6
Nanotechnology 30 (2019) 285604 L Ghisalberti et al
Figure 5. Stability of the In droplets on top of InAs NWs. (a)–(e) Scanning electron micrographs of the InAs NW tips after the annealing
process. The annealing times were (a) 3 min, (b) 5 min, (c) 7 min, (d) 10 min and (e) 15 min. The scale bars represent 20 nm in (a) and
100 nm for the other images. (f) Distribution of the apparent angles for different annealing times and for the three different conﬁgurations: top
of the NW, on the side facets and half-way. These conﬁgurations are shown schematically in the respective insets. The values of apparent
angle of half-way (black) and side (blue) positioned droplets obtained with 7, 10 and 15 min annealing are similarly scattered and plotted
together. The apparent angle of the liquid droplet on the top of the NW increases with increasing annealing time, and thus with the In volume.
The annealing process introduces new facets onto the previously ﬂat liquid–vapor interface.
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Conclusions
In conclusion, we have performed numerical simulations to
show that the stability and morphology of a liquid droplet on
a NW tip depend on three main factors: its volume relative to
the dimensions of a NW, the presence of slanted facets and
the equilibrium contact angle. As volume increases, the dro-
plet is pinned by the NW edges that separate the NW side
surfaces from its top surfaces. The apparent contact angle
increases with the droplet volume up to a critical volume,
after which the TPL unpins from the edges to relocate on the
side of the NW. Our simulations are supported with exper-
imental observations for indium droplets on InAs NWs.
Finally, we also experimentally present the formation of
slanted facets in the transition from the NW tip to the side
facets and discuss their implications on contact angle mea-
surements and interpretation.
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